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ABSTRACT: The Southern Ocean is an important region for both heat and carbon uptake, due in large part to wind-
driven circulation. This region also continually experiences strong winds associated with the passage of synoptic storms,
which influence the upper ocean through strong fluxes of momentum, heat, freshwater, and gases. While studies have
found that storms can induce strong carbon outgassing, their role in the combined uptake of heat and carbon remains un-
known. In this work, we explore the climatological impact of storms on the Southern Ocean combined heat and carbon uptake
through two preindustrial coupled climate model runs with contrasting seasonal carbon fluxes. We use a feature tracking system
to identify storms and create composites for storm-following and poststorm anomalous fluxes of heat and carbon. Storms induce
a net anomalous release of heat and carbon from the ocean throughout the year, with clear seasonality in the magnitude of the
fluxes that coincide with the background seasonal cycles. We find a strong model dependency for the storm-driven anomalous
carbon fluxes, in terms of both the seasonal range and timing of maximum outgassing. Storm-induced anomalous fluxes are
dampened on the order of days after the storm passes, with a small continued release of heat that is most persistent in the win-
ter. Our study underlines the high uncertainty about the seasonal nature of storm impacts on the ocean and suggests that evolv-
ing atmospheric and oceanic conditions could impose opposing shifts in the future seasonality of storm impacts.

SIGNIFICANCE STATEMENT: Strong winds within storms can enhance heat and carbon exchange between the at-
mosphere and ocean, which plays an important role in setting Earth’s climate. In this study, we identify storms in two
climate models to isolate their impacts on heat and carbon exchange in the Southern Ocean. We find that Southern
Ocean storms release both heat and carbon into the atmosphere. The magnitude of this release varies across seasons,
with summer storms releasing most heat and summer and autumn storms releasing more carbon. Our work shows the
importance of seasonal timing for storm activity, which can have important implications for heat and carbon cycling as
the atmosphere and ocean continue to evolve within our warming climate.
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1. Introduction

The prevailing westerly winds over the Southern Ocean span-
ning from ;408S to the Antarctic continent are responsible for
the large-scale overturning in the Southern Ocean and bring up
old, cold, and carbon-rich circumpolar deep water to the surface
(Toggweiler and Samuels 1993; Russell et al. 2006; Marshall
and Speer 2012). This upwelling results in the recycling of natu-
ral carbon in the Southern Ocean (Gruber et al. 2019) and the
uptake of over 75% of anthropogenic heat (Frölicher et al.
2015; Williams et al. 2024) and around 40% of anthropogenic
carbon (DeVries 2014; Gruber et al. 2019). The disproportion-
ate uptake of carbon and heat provides a first-order control on
the global climate response to emissions (Williams et al. 2023).

In addition to these prevailing westerlies, the Southern Ocean
also experiences a continual passage of extratropical storms
through the midlatitude storm track. As the Southern Ocean has
very little land within the storm track, these low pressure systems
can proceed unabated across large swaths of the Southern Ocean
and induce strong anomalous fluxes of heat, mass, and momen-
tum between the ocean and atmosphere. While the mean over-
turning of the Southern Ocean is driven mainly by the prevailing
westerlies, there is a strong storm-driven component in the atmo-
sphere that can also contribute to air–sea fluxes, in both a time-
varying and long-term-mean sense. The continual presence of
midlatitude storm systems drives intraseasonal variability in CO2

fluxes that can obfuscate the seasonal cycle and annual-mean be-
havior (Monteiro et al. 2015), and synoptic activity generates
deeper mean mixed layers and stronger seasonal cycles in the
high-latitude Southern Hemisphere (Whitt et al. 2019).

As a climatological feature, the Southern Hemisphere storm
track exhibits important seasonality that can impact the air–sea
fluxes from individual storms. From summer to winter, the storm
track transitions from an annular pattern to a more poleward-
intensified, spiraling structure (Hoskins andHodges 2005; Priestley
et al. 2020). Through this seasonal transition, storm activity
shifts across different dynamical and biogeochemical ocean re-
gimes, changing the background mean oceanic component of
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the atmosphere–ocean gradients that drive fluxes of heat and
carbon. At the same time, the Southern Ocean experiences
strong seasonal cycles in both its heat and carbon uptake,
driven by a combination of insolation, circulation, and biologi-
cal activity. The seasonal cycle for CO2 fluxes, in particular,
remains highly uncertain, with existing models and data prod-
ucts exhibiting a wide variety of magnitudes and phases on
seasonal time scales (Hauck et al. 2023). Thus, to understand
the climatological impact of storms in the Southern Ocean, it
is important to understand the seasonal variability in storm-
induced anomalies and how they may relate to the background
seasonal cycles.

Observing storm-induced high-frequency variability in South-
ern Ocean heat and carbon uptake is challenging as hazardous
winds and wave conditions often prevent shipboard sampling.
Nevertheless, there is a growing body of literature on the im-
pact of storms on the Southern Ocean carbon fluxes using mod-
els and autonomous observations. Glider studies have found
local CO2 outgassing and pCO2 feedbacks during summertime
storms, defined as periods of sustained winds, and have attrib-
uted these changes to storm-induced vertical entrainment
(Nicholson et al. 2022; Toolsee et al. 2024). Composites of Bio-
geochemical Argo (BGC-Argo) profiles have also shown large-
scale storm-driven outgassing throughout the Southern Ocean
and have found a role of atmospheric surface pressure changes as-
sociated with storms in driving this outgassing (Carranza et al.
2024). Observational setups continue to face difficulties resolving
the full spatial and temporal scale of storm forcing: Gliders pro-
duce high-resolution measurements within a small area, and the
10-day resampling period of BGC-Argo floats means that many
storms remain unsampled or sparsely sampled.

Because of the difficulties with observations, numerical model-
ing studies provide a complementary viewpoint to storm impacts
on the ocean. Fully coupled models can provide an internally
consistent view of the atmosphere–ocean system during synoptic
activities, provided that they can adequately represent the prop-
erties of midlatitude storms. However, there is significant dis-
agreement among models in their representation of storm
activity and their associated heat and carbon fluxes in the
Southern Ocean. When extratropical storms are tracked
through lower- and midtropospheric vorticity fields, Cou-
pled Model Intercomparison Project phase 6 (CMIP6) mod-
els show improved storm representation, although there is a
persistent low bias in Southern Hemisphere storm genesis
and an equatorward bias in the storm-track density, particu-
larly in winter (Priestley et al. 2020). A complementary
ocean-only model study in Carranza et al. (2024) also found
storm-driven CO2 outgassing, although the modeled outgas-
sing was an order of magnitude smaller than that in the
BGC-Argo floats. As of yet, however, there has not been a
study of the oceanic response to storms in a fully coupled
model, which is necessary for understanding heat fluxes associ-
ated with storms and the relationships between storm-
associated oceanic changes, background ocean temperatures
and circulation, and midlatitude storm tracks (Woollings et al.
2010, 2012).

This manuscript explores the climatology of storm activity
over the Southern Ocean and the climatological impact of storms

on ocean heat and carbon uptake using two state-of-the-art fully
coupled climate models and storm-centered composites of anom-
alous fluxes. We consider the combined heat and carbon re-
sponse to storms as, under periods of emissions, the relationship
between changing ocean heat and carbon plays an important role
in Earth’s climate response (Williams et al. 2016). The use of a
preindustrial run eliminates the need to separate impacts due to
warming from those due to the background climate state. Storm-
track locations and densities are expected to change under future
warming through both emissions forcings and climate feedbacks
(Son et al. 2009; Shaw et al. 2016; Banerjee et al. 2020; Priestley
and Catto 2022b; Gentile et al. 2023). The continued uptake of
heat and carbon from present-day anthropogenic carbon emis-
sions provides an additional forcing on the Southern Ocean sys-
tem in terms of the background ocean heat content and carbon
content. Thus, our model results can provide context for how cur-
rent-day storm impacts may already be a function of warming
and the background Southern Ocean state.

In particular, we aim to understand how anomalous heat
and carbon fluxes induced by storms can vary throughout
the year to create a seasonal climatology that serves as a ba-
sis for understanding future changes in the storm track and
impacts on Southern Ocean heat and carbon uptake. We hy-
pothesize that stronger winds and enhanced storm activity
in the austral winter will lead to larger heat and carbon re-
lease from storm forcing. For heat fluxes, this hypothesized
storm impact would enhance the existing seasonal cycle as
winter is a period of basinwide heat release. For carbon
fluxes, the relationship between storm fluxes and the sea-
sonal cycle will be model-dependent, owing to continued
discrepancies in how models resolve the seasonal cycle of
CO2 fluxes. We hypothesize that there will also be a longer
persistence in storm-driven signals in the winter as a result
of their larger magnitudes. For this study, we will employ
two models with contrasting background seasonal CO2

fluxes to test whether the background seasonality plays a
role in setting storm-induced anomalous fluxes throughout
the year or whether our atmospheric-driven hypotheses
hold across model differences.

In the next section, we introduce the GFDL coupled
models Coupled Model version 4 (CM4), and Earth System
Model version 4.1 (ESM4), used in this study alongside the
TempestExtremes feature tracker used to identify midlati-
tude storms and create storm-centered composites of atmo-
sphere and ocean fields. Section 3 describes the modeled
Southern Hemisphere storm tracks and average atmo-
spheric characteristics and compares them to those in the
fifth generation European Centre for Medium-Range
Weather Forecasts atmospheric reanalysis (ERA5) during
the satellite period. Section 4 presents the composite air–
sea fluxes of heat and carbon beneath Southern Hemi-
sphere storms, their seasonal variability, and the adjust-
ment in air–sea fluxes after the passage of the storm.
To conclude, in section 5, we provide a critical discussion
of our results, with a focus on how they relate to seasonal
variability and how climate change may impact this
seasonality.
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2. Methods

a. The GFDL global coupled models

In this work, we analyze the results of two fully coupled nu-
merical climate models developed by NOAA-GFDL as part
of the recent CMIP6 (Eyring et al. 2016). CM4 (Held et al.
2019) and ESM4 (Dunne et al. 2020a) are built on different
configurations of the Atmospheric Model version 4 (AM4),
(Zhao et al. 2018a,b) and Ocean Model version 4 (OM4) (Ad-
croft et al. 2019), and an outline of some of the differences be-
tween the models can be found in Table 1. For both models,
sea ice is represented using the Sea Ice Simulator version 2
(SIS2.0) sea ice model (Stern et al. 2017), and terrestrial dy-
namics are included through the Land Model version 4 (LM4)
(Shevliakova et al. 2024). The atmospheric model has a hori-
zontal resolution of around 18 in both CM4 and ESM4. CM4
uses a low-top atmospheric model with 33 levels extending to
100 Pa and a simplified chemistry scheme (Zhao et al.
2018a,b), while ESM4 uses a high-top atmospheric model
with 49 levels extending to 1 Pa, as well as interactive tropo-
spheric and stratospheric chemistry (Horowitz et al. 2020).

The OM4 ocean model is a MOM6 configuration with 75
levels using hybrid pressure/isopycnal vertical coordinates.
MOM6 contains an energetics-based boundary layer scheme
for ocean mixing (Reichl and Hallberg 2018) and parameter-
ized restratification from mixed layer eddies and baroclinic in-
stabilities (Fox-Kemper et al. 2011) with a submesoscale
frontal length of 500 m and a time scale of 30 days (Adcroft
et al. 2019). The ocean configuration used in CM4 has a nomi-
nal 0.258 horizontal resolution and no mesoscale eddy param-
eterization. The ocean configuration used in ESM4 has a
nominal 0.58 horizontal resolution and includes parameteriza-
tions for mesoscale eddies. Thermodynamic coupling between
the atmosphere and ocean occurs every 30 min in CM4 and
every hour in ESM4; biogeochemical tracers are exchanged in
both models every 2 h.

The ocean biogeochemical model in CM4 is the simplified
biogeochemical model Biogeochemistry with Light, Iron,
Nutrients and Gas version 2 (BLINGv2) (Dunne et al.
2020b), which includes diagnostic tracers for dissolved inor-
ganic carbon (DIC), oxygen, alkalinity, dissolved organic and
inorganic phosphate, and dissolved iron. The ocean biogeo-
chemical model in ESM4 is Carbon, Ocean Biogeochemistry
and Lower Trophics version 2 (COBALTv2) (Stock et al.
2020), which includes 33 tracers including carbon, alkalinity,
oxygen, nitrogen, phosphorus, iron, silica, and calcium car-
bonate, as well as three phytoplankton functional groups.

The models are initialized with present-day climatological
temperature and salinity fields obtained from World Ocean
Atlas 2013 (Locarnini et al. 2013; Zweng et al. 2013). The
CM4 model was spun up for 150 years using preindustrial
boundary conditions and radiative forcing obtained from the
CMIP6 protocol before starting preindustrial simulations
[preindustrial control (piControl)] (Eyring et al. 2016), while
a longer 400-yr spinup for the biogeochemical tracers was
needed for the ESM4 model. The CM4 integration includes
6-hourly atmospheric snapshots and daily surface and interior
ocean mean fields for 95 years, while the ESM4 integration
includes 6-hourly atmospheric snapshots and daily surface
mean fields for 100 years. Both simulations were conducted
on a new high-performance computing system and are there-
fore not bitwise identical to the versions published for CMIP;
however, the runs have similar climates to the CMIP pub-
lished runs and are representative of the longer piControl
simulations.

To visualize the role of synoptic time scales in setting the
variability of air–sea fluxes, we show the fraction of variance
within the 2–8-day bandpass-filtered time series of heat and
carbon fluxes within both models (Fig. 1). The fraction of vari-
ance in heat fluxes around the Southern Ocean ranges from
around 0.10 near the Antarctic coast to 0.25 around the north-
ern flank of the Antarctic Circumpolar Current (ACC) and
the subtropical gyres. The models show a high level of consis-
tency in the regions that experience the largest fraction of var-
iance in the higher frequencies (area-averaged correlation of
0.98). In contrast, carbon fluxes show higher fractions of vari-
ance within the main ACC region, and the fraction of variance
within synoptic time scales can reach over 0.30. The models dis-
agree on the regions with this highest fraction of variance and
are moderately positively correlated (area-average correlation
of 0.51). Thus, there is a significant level of high-frequency vari-
ability, and understanding the impact of storms can provide
insights into the contribution from coherent, large-scale, and
short-lived atmospheric features.

b. TempestExtremes feature tracking and comparison
with ERA5

For this study, we utilize a Lagrangian feature tracker for
midlatitude cyclones. In comparison with Eulerian metrics
such as atmospheric eddy kinetic energy, which are useful for
understanding large-scale storm-track statistics, a Lagrangian
tracker focuses on isolating the impacts of an individual event
throughout its lifetime. Feature trackers have been widely
used for atmospheric studies of storm dynamics and biases

TABLE 1. Overview of some of the architectural differences between the GFDL CM4 and ESM4 coupled models.

Component CM4 ESM4

Atmosphere Vertical extent 100 hPa 1 hPa
Vertical levels 33 49
Stratospheric ozone Prescribed Interactive

Ocean Horizontal resolution 1/48 1/28
Mesoscale eddy parameterization Unparameterized MEKE
Biogeochemical model BLINGv2 COBALTv2
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(Hoskins and Hodges 2002, 2019; Priestley and Catto 2022b,a).
The criteria for identifying and tracking synoptic-scale storm
events in the Southern Ocean are application dependent, and
many different approaches exist in the literature (Neu et al.
2013).

To track storms in the Southern Ocean, we use the
TempestExtremes v2.1 package (Ullrich et al. 2021). Tempest-
Extremes is an efficient and variable-agnostic feature detector
and tracker that can identify single-point and large-scale fea-
tures. For this study, feature identification criteria were chosen
to ensure a large sample size of transient storms for robust sta-
tistical analysis and to focus on the atmosphere–ocean inter-
face, which should correspond with changes in air–sea fluxes.
The baroclinic structure of extratropical cyclones can result in
a horizontal displacement between aloft features like 850-hPa
vorticity maxima and surface lows. Thus, we use a surface-
based method to identify storms based on sea level pressure
(SLP) similar to the extratropical storm-tracking methods
used in Ullrich et al. (2021) and Carranza et al. (2024).

To detect storms, we use 6-hourly snapshots of SLP and
identify local SLP minima between 308 and 908S. Candidate

storm centers are required to have a closed contour of 2 hPa
within a great circle radius of 68, and centers within 88 of a
deeper SLP low are removed to account for complex systems
that can have multiple local SLP minima. Storm centers are
then linked using a nearest-neighbor algorithm to form storm
trajectories. To focus on long-lived and long-track storms, we
considered only storm tracks longer than 60 h, allowing only a
maximum temporal gap of 18 h between identified low pres-
sure centers. In addition, storm tracks must cover a minimum
distance of 128 from the initial location to remove stationary
pressure minima associated with low zonal wavenumbers and
longer periods of climate variability.

We use the same storm-tracking workflow to compare with
surface atmospheric fields from the ERA5 (Hersbach et al.
2020) for the years 1979–2022. ERA5 is a global reanalysis
with 31-km horizontal resolution that includes both in situ
and satellite observations, with current-day reanalyses includ-
ing more than 25 million data points each day. The period of
1979 onward coincides with the inclusion of satellite observations
and better observational coverage of the Southern Ocean, which
results in a higher degree of certainty for Southern Hemisphere

FIG. 1. Fraction of total variance in (top) CM4 and (bottom) ESM4 within periods of 2–8 days for (left) heat fluxes
and (right) CO2 fluxes. Values are calculated at each location as the ratio of variance within the 2–8-day bandpass-
filtered fluxes over the detrended fluxes in the piControl simulations.
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synoptic meteorology (Soci et al. 2024). We use 6-hourly SLP
snapshots, 10-m zonal and meridional wind snapshots, and 2-m
air temperature snapshots to compare with CM4 and ESM4 out-
put. While the data coverage used in ERA5 is greatly improved
for years after 1980, the Southern Ocean and Antarctica remain
some of the most poorly observed regions globally, with surface
pressure measured less than once a day in many areas and near-
surface winds measured less than once a month for most of the
Southern Ocean (Soci et al. 2024). Thus, we present these results
with the caveat that, for the Southern Ocean, ERA5 may include
important biases due to its dynamics being less constrained by
available observations.

c. Atmosphere and ocean composite creation

To visualize the storm response, we create composites of at-
mosphere and ocean fields in storm-relative coordinates. Us-
ing the storm centers identified by the algorithm, model fields
are remapped bilinearly to great circle degrees away from the
centers. Data within 108 of the storm center are then averaged
across all tracked storms to create the composite response.
Using the moving storm centers results in a Lagrangian-style
composite that shows the near-instantaneous impact of a
storm over a location and includes impacts of storms during
the entire lifespan. In addition, we create composites that use
the storm center locations at the time of the deepest SLP for
each storm. By keeping these storm centers static for 10 days and
using the aforementioned regridding, we can create Eulerian

composites that highlight the longer-term adjustment of the
climate system after the passage of a storm. The atmospheric
composites use snapshot data sampled at 6-hourly periods. For
ocean data that are saved as daily averages from 0000 to 2359
UTC, the composites are created using the storm center loca-
tion at 1200 UTC.

Storm anomaly composites are calculated relative to the
daily climatologies of the piControl simulations. For context
on how these anomaly fields are created, we present the sea-
sonal climatologies of heat and carbon fluxes for CM4 and
ESM4 alongside other CMIP6 preindustrial control model
runs, the ocean assimilative model Biogeochemical Southern
Ocean State Estimate (B-SOSE) (Mazloff et al. 2010; Verdy
and Mazloff 2017), and the self-organizing map feed-forward
neural network (SOM-FFN) reconstruction of carbon fluxes
that includes BGC-Argo float data (Bushinsky et al. 2019)
(Fig. 2). The climatological Southern Ocean heat flux is similar
across the GFDL models and other models and reconstructions
and is characterized by heat uptake over December–February
(austral summer) and heat release over June–August (austral
winter). Additionally, the GFDL models have similar seasonal
turbulent heat fluxes (Fig. 2a, dashed lines), which are driven by
the background wind fields.

The climatological Southern Ocean CO2 flux, on the other
hand, varies between the two GFDL models. The divergence
within the GFDL models is reflective of the widespread in sea-
sonal CO2 fluxes in the Southern Ocean, with poor agreement

FIG. 2. Seasonal climatologies for (a) Southern Ocean total and turbulent heat fluxes and (b) CO2 fluxes. Total heat
fluxes include piControl simulations of GFDL models CM4 (solid red) and ESM4 (solid blue) alongside an ensemble
of CMIP6 models (gray lines) and the B-SOSE assimilative ocean model from years 2013 to 23 (dashed–dotted line).
Turbulent heat fluxes are included for CM4 (dashed red) and ESM4 (dashed blue). For carbon fluxes, the SOM-FFN
reconstruction that includes BGC-Argo float data is also shown for years 1982–2017 (dotted line). For heat fluxes,
positive values denote the fluxes into the ocean, while for CO2 fluxes, positive values denote the fluxes out of the
ocean. The total exchange in PW or Tg C day21 is included (right-hand axis) in which the area of the Southern Ocean
south of 408S is 7.653 1013 m2.
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even on the time of year that the Southern Ocean releases
CO2 (Mongwe et al. 2018; Hauck et al. 2023). CM4 experien-
ces CO2 outgassing in summer and autumn and weak uptake
from winter to spring, while ESM4 experiences outgassing in
winter and uptake in summer. These differences in the inte-
grated fluxes are caused mainly by a widespread outgassing
throughout the Southern Ocean in summer for CM4, while
ESM4 shows carbon uptake in the ACC region (Fig. S1 in the
online supplemental material). The seasonality in preindustrial
CO2 fluxes for ESM4 is consistent with current data-based es-
timates, outside of a shift in magnitude expected from the lack
of anthropogenic carbon in the ESM4 run. While the seasonal-
ity in CO2 fluxes for CM4 is less consistent with the recon-
structions, the behavior in CM4 is representative of current
CMIP6 behavior for the Southern Ocean. This out-of-phase
seasonal cycle in CM4 is consistent with an overly strong ther-
mal component to ocean pCO2 also found in other forced-
ocean and coupled climate models (Mongwe et al. 2018;
Hauck et al. 2023).

The large differences in the background seasonal cycles in
CM4 and ESM4 may result from a variety of differences
between the model, including parameterized high-latitude
eddies changing vertical mixing rates (Russell et al. 2006;
Gnanadesikan et al. 2015) and biological carbon uptake
(Lévy et al. 2018) or model spinup time (Terhaar et al. 2024).
Thus, by removing these climatologies from the storm anom-
aly fields, we can focus the composite analysis on storm-
driven anomalies and dynamics within the models; without
the climatology removal, wintertime storms in CM4 and
ESM4 would be expected to have opposite signs in carbon
fluxes because of their opposite seasonal cycles. While this
separation neglects the role of subseasonal variability in set-
ting seasonal variability (Whitt et al. 2019), it does allow us to
examine how storm-induced anomalies may be related to
their background seasonal cycles over the Southern Ocean.

Creating storm-centered composites from a long preindus-
trial control simulation also allows us to consider large ensem-
bles of ocean and atmospheric variables and improve the
signal-to-noise ratio in our analysis. As storm behavior can be
diverse and the Southern Ocean is a region high in small-scale
variability, these large ensembles allow for the isolation of
storm impacts. For each model integration, the storm-follow-
ing composites include around 800000 6-hourly snapshots of
atmospheric variables and 200 000 daily averages for each
ocean variable. Composites that use the static storm centers
for the Eulerian analysis include 50 000 regridded fields for
each day poststorm.

3. Southern Hemisphere storm tracks and storm
characteristics

While the Lagrangian storm tracker identifies storms through
single points to represent the low pressure center, the wind
fields associated with midlatitude storms have horizontal ex-
tents on the order of hundreds of kilometers. Thus, to avoid
noise from interpolating moving centers onto the model grid
and to better visualize the regions of the ocean potentially im-
pacted by these midlatitude storms, we calculate storm-track

histograms using the method in Priestley et al. (2020), where
values are in number of storm centers within a 58 great circle ra-
dius per month. The same storm can be included multiple times
for this metric depending on its translation speed, so the storm
density can be understood as an estimate of the number of
storm days at that location. For reference, we include the equiv-
alent storm-track histogram for the ERA5 reanalysis between
1979 and 2022 (Hersbach et al. 2020), with the caveat that the
preindustrial scenarios in CM4 and ESM4 will not reflect cli-
mate warming signals like a poleward shift (Russell et al. 2006).

Both CM4 and ESM4 reproduce the salient features of the
Southern Hemisphere storm tracks (Fig. 3), with the area-
weighted pattern correlation between seasonal modeled and
observed storm tracks over 0.96 for all model/season combi-
nations. In the Southern Hemisphere, storms exist mainly
between 408 and 658S and shift seasonally alongside the pre-
vailing westerlies. During summer, storms occur over a broad
latitudinal band between 508 and 658S, and most regions of
the Southern Ocean experience 10–16 storm days per month.
During winter, the storm track migrates toward the Antarctic
coast and becomes more zonally asymmetric, with the highest
storm activity in the Indian Ocean sector between 08 and
1508E. The storm track contains more storms in winter, with
some regions experiencing over 20 storm days a month.

There are some differences in the storm-track behavior be-
tween the GFDL models and the ERA5 reanalysis due to the
combination of model biases and the discrepancy in the forc-
ing scenario (Fig. S2). During summer, CM4 and ESM4 expe-
rience more storm activity around 508S and less storm activity
near Antarctica, particularly near the Drake Passage and
around 1208E. During winter, both CM4 and ESM4 experi-
ence storm activity biases relative to ERA5 in a zonal wave-
number 3–type pattern. When these biases are zonally averaged,
there is slightly more storm activity within the CM4 and ESM4
storm tracks during winter; the zonally averaged summer storm
activity shows an equatorward bias in the storm-track location in
CM4 and enhanced storm activity equatorward of the storm track
for both CM4 and ESM4.

Our storm composites are created from all life stages of the
tracked storms and thus show the long-term average storm
conditions over the Southern Ocean. For simplicity, we pre-
sent the composite storm conditions for CM4, as the compos-
ite storm properties are similar between CM4 and ESM4
(Fig. S3). We note that, because of the diversity of storm be-
havior and additional background variability, these composite
magnitudes are generally small compared to the ensemble
standard deviation. Despite their small magnitudes, the com-
posites reveal simulated cyclone structures consistent with the
classical Norwegian cyclone model (Bjerknes 1919; Fig. 4a).

The composite Southern Ocean storm has an associated
SLP low that is 20 hPa lower than the surrounding SLP field
(Fig. 4b). SLP anomalies are zonally symmetric, with a stron-
ger pressure gradient to the north of the SLP low, reflecting
the storms’ relationship with the background latitudinal pres-
sure gradient and generally higher SLP at lower latitudes. The
storm-average wind vectors are aligned with this pressure gra-
dient, and the average storm winds are 5 m s21 over their
climatological values between 28 and 38 north of the storm

JOURNAL OF CL IMATE VOLUME 385620

Brought to you by UNIVERSITY OF ARIZONA | Unauthenticated | Downloaded 10/16/26 06:10 PM UTC



center, averaging total wind speeds of 12 m s21 (Fig. 4c). South
of the storm center, there is a mean easterly flow that overcom-
pensates for the background westerly winds; compared to the
mean wind fields, these regions experience slightly weaker wind
speeds (D|u| , 1 m s21). Compared to the ERA5 reanalysis, the
average model storm has a similar SLP gradient (a center-
to-108N SLP change of 25 hPa in the models versus 24 hPa in
ERA5) and a maximum wind speed of around 1 m s21 higher
north of the storm center (Fig. S4). Additionally, the compo-
sites’ surface air temperature anomalies are associated with
how storms redistribute warm and cold airmasses. Surface air
temperatures are anomalously warm on the eastern side of the
storm, with a maximum of11.48C near the latitude of the storm
center, associated with the location of northerly winds, and are
anomalously cool with a minimum of 21.68C on the western
side of the storm associated with southerly winds (Fig. 4d).

Overall, the surface-based tracking algorithm shows a high
level of consistency between the climatological storm tracks
in CM4 and ESM4 with the ERA5 reanalysis fields. The storm

tracks in CM4 and ESM4 capture the large-scale features of
storm activity in terms of both location and seasonality. Addi-
tionally, the average atmospheric characteristics of Southern
Hemisphere storms are consistent with observations and follow
midlatitude storm theory. While there remain biases in how the
models represent storms over the Southern Ocean, these biases
are likely small relative to current observational uncertainties in
the Southern Ocean on seasonal time scales. The correspondence
between CM4, ESM4, and ERA5 for these surface-based storm
tracks indicates that the GFDL models are relevant for studying
the impact of storms over the Southern Ocean: Their fully cou-
pled setups allow for an internally consistent view of storms that
have similar forcing features to those seen in the real world.

4. Storm impacts on heat and carbon fluxes

We continue by analyzing the surface air–sea fluxes of heat
and carbon in the area around the storm centers by focusing on
anomaly fields relative to the seasonal climatology. This focus

FIG. 3. Southern Hemisphere storm-track densities (number of storms per 58 spherical cap per month) for (top) austral summer (DJF)
and (bottom) austral winter (JJA). The storm density is calculated using SLP from (a),(d) the satellite-era ERA5 output, (b),(e) CM4,
and (c),(f) ESM4.
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inherently assumes that the seasonal cycles of heat and carbon
fluxes are not driven by storm activity. While storm activity and
subseasonal forcing can impact longer time-scale ocean proper-
ties (Whitt et al. 2019), the seasonal cycles of heat and carbon
are driven primarily by radiative forcing, mean wind-driven cir-
culation, and biological activity (Lenton et al. 2013). While the
storm anomalies for any one storm snapshot will include a wide
range of nonstorm-related variability, we expect the large en-
semble of storm snapshots to smooth over variability from other
sources. We do note that the more frequent recurrence of
storms in the winter months (Fig. S5) results in all-storm-average
conditions that are more reflective of wintertime storm condi-
tions, although storms are found to occur at all times of year.

Heat flux anomalies (Figs. 5a,b) align with the frontal struc-
ture of a classical midlatitude storm: The ocean releases heat
to the atmosphere on the western flank consistent with the lo-
cation of the cold airmass (with a minimum heat flux anomaly
from 248 to 250 W m22), while there is a smaller region
where the ocean takes up heat from the warmer airmass on

the eastern flank (with a maximum heat flux anomaly of
25–27 W m22). The models have very similar patterns of
anomalous heat uptake and release, with a pattern correlation
of over 0.99. The overall flux of heat is from the ocean to the
atmosphere, with an area-average anomalous heat flux of
211.4 W m22 in CM4 and210.3 W m22 in ESM4. Storms ad-
ditionally induce an anomalous flux of CO2 from the ocean to
the atmosphere (Figs. 5c,d), consistent with carbon outgassing
found in Waveglider and BGC-Argo storm studies (Nicholson
et al. 2022; Carranza et al. 2024). Again, the models show vir-
tually the same pattern of anomalous carbon fluxes, with a
pattern correlation over 0.99. The anomalous outgassing of
CO2 is the strongest just north of the storm center and
reaches a maximum of 2.0 mmol C m22 day21 in CM4 and
1.8 mmol C m22 day21 in ESM4. This region of the largest
CO2 outgassing is consistent with the region of highest winds,
including the background westerlies, under which enhanced
wind-driven mixing can effectively entrain deeper waters with
higher DIC into the mixed layer and then quickly equilibrate

FIG. 4. (a) Idealized schematic of a mature Southern Hemisphere extratropical storm, with pressure contours,
warm and cold fronts, and displacement of warm and cool airmasses. (b)–(d) CM4 storm-centered atmospheric com-
posites of (b) SLP (hPa), (c) surface wind speeds (m s21; colors) and vectors, and (d) surface air temperature anoma-
lies (8C). Distances are measured in great circle degrees away from the storm center.
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that high-carbon water with the atmosphere. At the southern
flank of the storm, the weaker easterly winds are associated
with slight anomalous carbon uptake, which is consistent with
the CESM results in Carranza et al. (2024) but not found in
the study’s BGC-Argo analysis. Overall, the area-average
anomalous outgassing underneath Southern Ocean storms
is 0.50 mmol C m22 day21 for storms in CM4 and
0.38 mmol C m22 day21 for storms in ESM4. The local anom-
alous fluxes associated with storms are approximately 25%–

50% of the Southern Ocean climatological heat fluxes and
can reach the same order of magnitude as the climatological
CO2 fluxes in Fig. 2, although the compensating patterns of
these signals result in storm-average anomalies that can be an
order of magnitude smaller than the climatological heat and
carbon fluxes.

a. The climatology of storm heat and carbon anomalies

The heat flux and carbon flux anomaly composites pre-
sented above include storms at all locations within our do-
main and at all times of the year. As there are both regional
shifts of storm activity throughout the year and highly re-
gional background seasonal cycles for heat and carbon, these

full composites may obfuscate important seasonal variability
within the storm anomalies. Thus, we proceed by exploring
how storm-driven heat and carbon anomalies vary through-
out the course of the year.

Anomalous heat and CO2 fluxes associated with storms ex-
hibit seasonality, which can be seen through a “storm anom-
aly climatology” (Figs. 6a,b). Here, anomalous fluxes are
sorted by the day of year and area-integrated to account for
both seasonal changes in the number of storms and seasonal
patterns in the anomalous fluxes. When integrated over the
entire Southern Ocean, storms induce an anomalous release
of heat and CO2 throughout the year, with an exchange of
heat ranging from 20.05 to 20.31 PW and an exchange of
CO2 ranging from 0.02 to 0.32 Tg C day21. The storm-induced
heat release is similar between CM4 and ESM4, with the max-
imum anomalous release of heat occurring in summer, a mini-
mum heat release centered in autumn, and a local maximum
in heat release in winter.

Conversely, the storm-induced anomalous release of CO2 is
model dependent in terms of its seasonal phasing and variabil-
ity. In CM4, the storm-induced exchange reaches its maximum
in late summer and early autumn and reaches its minimum

FIG. 5. GFDL storm-centered composites of atmosphere–ocean flux anomalies relative to the daily climatology:
(a),(b) heat fluxes (W m22) for CM4 and ESM4, and (c),(d) CO2 fluxes (mmol C m22 day21) for CM4 and ESM4.
For heat fluxes, positive values indicate the fluxes of heat into the ocean. For carbon fluxes, positive values indicate
the fluxes of carbon out of the ocean. Distances are measured in great circle degrees away from the storm center.
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over late winter. In ESM4, the storm-induced exchange
reaches its maximum in autumn and reaches its minimum in
summer. The range of the storm-induced CO2 exchange over
the course of the year is also over twice as large in CM4 as in
ESM4. The storm climatology of CO2 fluxes shows more sea-
sonal variability than the storm climatology of heat fluxes,
likely as the integrated heat fluxes involve the compensation
of ocean areas with anomalous heat uptake and heat release,
whereas the spatial pattern of CO2 fluxes is dominated by the
region of anomalous outgassing.

To illustrate the variability in storm-associated fluxes
throughout the year, we compare the anomalous flux compo-
sites from storms associated with the periods of maximum
and minimum heat or carbon release within the storm anom-
aly climatology for each of the models (months centered
around the dates marked in Figs. 6a,b). We define these

periods of the year with maximum fluxes of heat or carbon
out of the ocean as “strong” and the periods of the year with
minimum fluxes of heat or carbon out of the ocean “weak,”
and these periods are defined for each tracer and model sepa-
rately. For heat fluxes, periods of relatively weak storm-
driven heat release are defined by a larger area east of the
storm center where the ocean takes up heat from the atmo-
sphere (Figs. 6c,g); periods of relatively strong storm-driven
heat release, in comparison, show a weaker region where the
ocean releases heat but a much smaller region of heat uptake
(Figs. 6d,h). Conversely, there is a consistent structure within
the CO2 fluxes during periods of weak and strong CO2 re-
lease. The regional pattern of CO2 fluxes during periods of
strong storm-induced release is, to first order, a magnified ver-
sion of the fluxes during periods of weak storm-induced re-
lease (Figs. 6e,f,i,j). This amplification is stronger in CM4 than

FIG. 6. Yearly climatology of (a) integrated storm heat flux anomalies and (b) CO2 flux anomalies for Southern Ocean storms in CM4
(black) and ESM4 (blue). Daily averages are calculated for each day of the year for light lines, with 10-day rolling average in dark bold
lines. Periods of the year with the highest (lowest) heat and CO2 release are marked with filled (unfilled) triangles in the corresponding
model color. (c)–(j) Average storm anomalies for strong and weak flux periods for CM4 and ESM4 heat and CO2 fluxes. Strong and weak
periods are defined as the 31-day mean centered around the day of the year with maximum (minimum) fluxes as shown in (a) and (b). For
heat fluxes, positive values indicate the fluxes of heat into the ocean. For carbon fluxes, positive values indicate the fluxes of carbon out of
the ocean.
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in ESM4, resulting in a larger variation within the storm
anomaly climatology.

b. Relationships between storm-induced fluxes and the
background seasonal cycle

Despite the fact that the storm composites use anomalies
relative to the seasonal cycle, the seasonalities in the storm
composites have a high level of correspondence with the sea-
sonal cycles. We synthesize this correspondence by correlat-
ing the daily climatologies of heat and carbon fluxes (Fig. 2)
with the 10-day rolling average storm-induced fluxes (Fig. 6)
to ignore the noise inherent in the daily storm climatology
from the immediate insertion and removal of centers into the
storm mask.

The storm-driven heat fluxes in CM4 and ESM4 are nega-
tively correlated with the climatological heat fluxes (r 5 20.60
for CM4; r 5 20.55 for ESM4). The storm-driven carbon
fluxes in CM4 and ESM4 are positively correlated with clima-
tological carbon fluxes, but the strength of the carbon correla-
tions is highly model dependent. The correlation between
CM4 storm and background carbon fluxes is high (r 5 0.93),
indicating close to a one-to-one relationship between back-
ground fluxes and strength of storm outgassing. In comparison,
ESM4 has a more modest positive correlation between storm
and background carbon fluxes (r5 0.59).

ESM4 additionally exhibits a correlation between its storm
heat and storm carbon flux anomalies (r 5 0.66), which is not
found in CM4. Because of the change in sign between heat
and carbon fluxes going from the ocean to the atmosphere,
this positive correlation reflects an inverse relationship, where
the strongest carbon outgassing occurs at the same time of the
year with the weakest heat fluxes from the ocean to the atmo-
sphere. Thus, despite the fact that storm-driven heat and carbon
fluxes have different horizontal structures and the seasonal vari-
ation within the horizontal structure differs between heat and
carbon, with ESM4, there is a consistency in the bulk impact of
storms on heat and carbon throughout the year.

5. Poststorm adjustment of air–sea fluxes

As anomalous fluxes at each location, by definition, sum to
zero over the course of the climatology, the anomalous air–
sea fluxes of heat and carbon in the presence of a storm are
matched by opposing fluxes during nonstorm periods. The La-
grangian view of storm anomalies used above cannot easily
provide a sense of how air–sea fluxes behave once a storm has
passed. To better understand the ocean response, we switch
to an Eulerian framework. For Eulerian composites, we iden-
tify the time and location at which each storm reaches its low-
est SLP. The day that the storm reaches that SLP is denoted
as day 0, and the storm mask is kept constant at that location
for the following 10 days, denoted as days 1–10. The choice to
use the time of the lowest SLP for each storm was made to re-
duce the computation time; even with this limitation, our
composites consist of around 50 000 snapshots for each day
poststorm.

Air–sea flux anomalies of both heat (Fig. 7) and carbon
(Fig. 8) are quickly reduced within 2–3 days after the passage

of the storm. The composite fluxes 1 day after the strongest low
pressure reflect the eastward propagation of an average cyclone
(see SLP in Fig. S6); by 2 days after the storm, there is little sig-
nal of any remaining low pressure system due to the systems
moving outside the original 108 radius and the uncertainty in the
exact displacement of the storm center. The Eulerian composites
of atmospheric variables show no re-emergence of atmospheric
storm-like signals over the 10-day period during and after the
storm, indicating that in spite of the continual presence of storms,
the uncertainty in the location of the next storm is large enough
that composites reflect the storm present at t5 0 days.

Heat fluxes at t 5 11 day after the passage of a storm (Fig. 7)
are dominated by the cold sector of the storm, as the eastward
propagation of the storm along the background westerlies means
that the original storm center is located beneath the perturbed
cold airmass (Fig. 4a). By t 5 12 days, there is a weak flux of
heat out of the ocean (.210 W m22) throughout the domain.
The poststorm heat fluxes are generally similar between CM4
and ESM4, although the heat flux between 1 and 2 days post-
storm is more negative in ESM4 by ;2 W m22. Conversely, the
carbon fluxes after the passage of a storm (Fig. 8) weaken into a
meridional dipole with continued outgassing north of the original
storm center and carbon uptake south of the storm center. The
carbon signals are marginally stronger in ESM4 than in CM4, but
overall, the two models show a high level of correspondence.

The area-average poststorm fluxes (Fig. 9) show seasonality
that contrasts with the seasonality found in the Lagrangian
storm impacts in section 3. Heat fluxes are most negative 1 day
poststorm over most months of the year, and in particular in
austral winter, as when the storm moves east, a larger fraction
of the mask is influenced by the equatorward transport of cold
air. The poststorm heat release is most persistent in winter for
both models, and in summer, both models show a weak re-
bound to heat uptake that begins 4–5 days poststorm. Carbon
fluxes poststorm show that the dampening of the t 5 0-day sig-
nal is consistent across all months, and the compensation
within the dipole leads to near-zero fluxes soon after the storm
passes. Interestingly, in CM4, there is a continued weak out-
gassing from 2 to 10 days poststorm from autumn to spring,
and a weak rebound to carbon uptake centered around the
winter season; for ESM4, there is not a clear seasonality in the
longer-term adjustment.

6. Discussion and conclusions

In this study, we have explored the seasonal climatology of
storm-induced heat and carbon fluxes in the Southern Ocean.
Storms are continuously present throughout the Southern
Ocean and can induce strong anomalous air–sea fluxes
through changes in wind speed and air–sea gradients. Recent
storm studies have employed ocean-only model runs, which
assume a passive role for the ocean, preclude the analysis of
heat fluxes, and include signals from present-day anthropo-
genic warming. Using two fully coupled climate models inte-
grated under preindustrial conditions, our study complements
current work by providing the coupled response and a view of
storms’ natural role in the cycling of carbon and heat. Our
study provides both storm-following Lagrangian composites
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and Eulerian impulse-response composites to explore the spa-
tial patterns and seasonality of the instantaneous response of
ocean heat and carbon fluxes, as well as their poststorm
adjustment.

We find that storms in the Southern Hemisphere drive a
net release of both heat and carbon fluxes from the Southern
Ocean, with distinct spatial patterns reflecting the storms’
conveyor belts and wind speeds, respectively. The storm-
driven heat release is the strongest in austral summer, while
the storm-driven carbon outgassing peaks in austral summer
in CM4 and austral autumn in ESM4. Both heat and carbon
fluxes are dampened within days after the passage of a storm
across all months of the year. Storm-driven heat fluxes are
more persistent than carbon fluxes, with storm-driven heat
fluxes being the most persistent in the austral winter. Overall,
although the net average ocean response to storms is highly
similar between the two models, there is a large amount of
variability in the ocean response to storms, both under indi-
vidual storms and when considering the seasonal progression
of those responses.

a. Using global coupled models for storm studies

The CM4 and ESM4 Southern Hemisphere storm tracks, as
measured by local sea level pressure minima, show a high corre-
spondence with the present-day track in the ERA5 reanalysis.

The models replicate major features of the storm track such as
the latitudinal band, the contraction of the storm track toward
Antarctica in austral winter, and the hotspots of storm activity
in the Indian–Pacific sector of the Southern Ocean.

Coarse-resolution atmospheric models in CMIP6 have
been found to have equatorward biases for their Southern
Hemisphere storm tracks (Priestley et al. 2023) and too
shallow SLP lows (Priestley and Catto 2022a). Thus, it is
possible that, by using a fully coupled model, biases in
storm activity lead to ocean composites that are dampened
and biased toward the subtropics. However, we note that,
while this bias has been related to sea surface temperature
biases, ESM4 has a more equatorial storm track in spite of
its warmer sea surface temperature biases over much of
the Southern Ocean (Dunne et al. 2020a). The equator-
ward shift in the westerlies in ESM4 has been attributed
to sea salt aerosol representation, highlighting the com-
plexities in achieving an adequate representation of the
storm track.

As the Southern Ocean remains undersampled and models
show low levels of agreement for the mean ocean state (Johnson
et al. 2017; Fox-Kemper et al. 2021), we believe that the biases in
the storm-track locations and intensity likely play a small role in
setting the spread of the modeled storm responses. Indeed, de-
spite the differences in the storm track between CM4 and ESM4,

FIG. 7. Eulerian heat fluxes (W m22) at the location of each storm’s peak for (top) CM4 and (bottom) ESM4, calculated as the time
when the storm attains its lowest SLP (t5 10 day), at t5 11 day, t5 12 days, and t5 13 days after the peak of the storm. Positive val-
ues indicate the fluxes of heat into the ocean.
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the models show near-identical storm heat fluxes, indicating a
level of robustness outside these errors. Fully coupled cli-
mate models like CM4 and ESM4 are thus important tools
to understand both the current state of storm-induced vari-
ability and the future role of storms in setting the climate in
a warming world. However, features such as the zonal wave-
number–type biases in the winter storm-track location could
have important implications for processes like mode water
formation, which occurs in quite localized regions within the
Southern Ocean (Li et al. 2021). Further work is required to
understand the relationship between storms and ocean ven-
tilation with careful consideration on the zonal patterns in
winter storm activity, including with higher-resolution atmo-
sphere and ocean models.

We note that both CM4 and ESM4 have relatively coarse
horizontal resolutions, particularly when considering high-
latitude ocean dynamics. Unresolved ocean mesoscale and
submesoscale features can modulate the storm-driven heat
and carbon responses explored here in a variety of ways; for
instance, eddies can impact both surface winds through their
sea surface temperature anomalies (Frenger et al. 2013) and
surface carbon fluxes and concentrations through isopycnal
heave (Keppler et al. 2024). As these small-scale features can
alter both the atmospheric and oceanic components of the
storm response, future work with higher-resolution models

and observations will be necessary to understand how these
various impacts compensate or feed back into storm-induced
fluxes.

b. Anomalous heat and carbon fluxes from storms

On average, storms lead to a release of heat and carbon
from the ocean to the atmosphere. The average Southern
Ocean storm within the GFDL models is associated with
anomalous fluxes of 20.035 PW and 0.020 Tg C day21 from
the ocean, leading to an annual average heat flux of 20.2 PW
and an annual average carbon flux of 40 Tg C yr21. The
storm-induced outgassing diagnosed in the GFDL models is
consistent with Nicholson et al. (2022) and Carranza et al.
(2024), and the GFDL models lie between the outgassing esti-
mates from CESM and BGC-Argo of Carranza et al. (2024).
The structure of storm-driven CO2 outgassing in CM4 and
ESM4 is similar to that in CESM, although CM4 and ESM4
have stronger outgassing (2 and 1.8 mmol C m22 day21 in
CM4 and ESM4 versus 1.5 mmol C m22 day21 in CESM2).
All models differ from the outgassing pattern in BGC-Argo
floats in a similar fashion, with models showing a region of
carbon uptake south of the storm center that is not found in
the float-based composites, although this discrepancy may
also be sensitive to the sampling density of the floats. The
composite heat and carbon anomalies align with first-principle

FIG. 8. Eulerian carbon fluxes (mmol C m22 day21) in the same layout as in Fig. 7. Positive values indicate fluxes of carbon out of the
ocean.
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characteristics of extratropical storms, with regions of ocean
heat uptake (release) aligning with the displaced warm (cool)
airmasses within the storm and the regions of the highest car-
bon outgassing aligning with the regions that have the highest
winds and thus most wind-induced ocean mixing. These
anomalous heat and carbon fluxes are locally large, which em-
phasizes the importance of capturing these extreme events
within observations for an accurate time series view of South-
ern Ocean surface fluxes.

Compared to the seasonal climatology of heat and carbon
throughout the Southern Ocean, the climatology of storm
heat and carbon anomalies integrated under the storm-
affected area is relatively small; peak storm heat flux anoma-
lies of 20.3 PW are less than 4% of the peak seasonal heat
flux throughout the year, and peak storm carbon flux anoma-
lies of 0.12–0.3 Tg C day21 are between 5% and 10% of the
peak seasonal carbon flux throughout the year (Figs. 2a,b and
6a,b). However, the storm-induced flux anomalies systemati-
cally release heat and carbon from the ocean to the atmo-
sphere, while the background seasonal cycles of heat and
carbon have large signals of opposite sign that largely com-
pensate on annual time scales. Because of their contrasting
background seasonal cycles, the annual anomalous carbon re-
lease from storms is about 25% of the net Southern Ocean
flux in CM4 (50 vs 200 Tg C) and the same order of magni-
tude of the net Southern Ocean flux in ESM4 (with both

around 33 Tg C). For heat fluxes, the annual average heat flux
in the preindustrial control simulations is near 20.4 PW, re-
sulting in storm anomaly fluxes that are approximately half.
Considering that the average storm covers approximately
3 million km2 or approximately 4% of the ocean south of
408S, these anomalous fluxes associated with storms are highly
localized features that play an important contribution to un-
derstanding the annual cycling of carbon and heat in spite of
their relatively small roles in setting basinwide instantaneous
fluxes.

The estimated heat and carbon fluxes from Southern Ocean
storms presented here is a lower bound, as by removing the
daily climatology from our signals, we exclude the interaction
between storm anomalies and mean seasonal fluxes. When con-
sidering the coupled heat and carbon response, the separation
of seasonal and synoptic fluxes is complicated by the fact that
turbulent heat fluxes and gas exchange are parameterized as dif-
ferent powers of wind speed. Further work is required to better
understand the extent to which synoptic variability feeds back
into longer time scales of heat and carbon exchange.

c. The re-emergence of seasonal signals due to
storm activity

Storm-induced fluxes of heat and carbon exhibit seasonal var-
iability that leads to different periods of maximum heat and

FIG. 9. Storm-area-average fluxes of (left) heat and (right) carbon for storms in (top) CM4 and (bottom) ESM4.
Days are 0–10-day postpeak storm, with the storm peak defined as in Fig. 7. Positive values indicate the fluxes of heat
into the ocean and fluxes of carbon out of the ocean.
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carbon release from storms. In both CM4 and ESM4, the maxi-
mum storm-induced heat release occurs in austral summer. For
storm-induced carbon outgassing, our results are model-specific;
CM4 experiences its maximum carbon outgassing in summer,
while ESM4 experiences its maximum carbon outgassing in au-
tumn. The seasonalities of storm heat and carbon fluxes are sig-
nificantly correlated with the background seasonal signals, with
storm heat fluxes anticorrelated with the seasonal heat fluxes
and storm carbon fluxes positively correlated with seasonal car-
bon fluxes.

Seasonality in storm-induced carbon fluxes was also found
in Carranza et al. (2024) for both CESM and the BGC-Argo
floats, with CESM storm-induced outgassing peaking in aus-
tral spring and BGC-Argo storm-induced outgassing peaking
in austral winter. Thus, with the inclusion of the GFDL mod-
els, current analyses can be found to support peak storm
fluxes at any season, underlining the large uncertainty that
continues to exist in terms of synoptic-scale variability of heat
and carbon uptake.

d. Potential drivers of seasonal storm fluxes

A key result of our work is a re-emergence of a seasonal
signal for both heat and carbon fluxes, as this study by con-
struction explores storm anomalies from the seasonal cycle.
Such a re-emergence occurs because of nonrandom sampling
of the anomaly fields. Nonrandom spatial sampling may result
in the re-emergence of some seasonality as the storm track
contracts toward Antarctica in the austral winter, and sea ice
coverage expands, providing a barrier for air–sea fluxes. The
role of sea ice–covered regions is likely minimal as most
Southern Ocean storms occur over the open ocean, although
storm composites in high-ice regions do show dampened heat
and carbon fluxes (Fig. S7).

Seasonal changes in storm properties, particularly wind
speed and surface pressure, may also induce seasonality in
air–sea fluxes. However, the seasonal heat and carbon fluxes
found in CM4 and the seasonal heat fluxes in ESM4 do not
align with seasonal changes in storm properties, as the deeper
lows, stronger winds, and enhanced temperature gradients
during wintertime storms would act to enhance rather than
dampen fluxes from the ocean. Thus, while the all-storm com-
posites of anomalous heat and carbon fluxes reflect the atmo-
spheric drivers of storm signals, how those signals manifest
throughout the year must be related to the underlying oceanic
properties.

The correspondence between the background seasonal cycles
and storm-driven anomalies suggests that the background ocean
state plays a role in setting the seasonal storm signals. For in-
stance, summertime shallow mixed layers and strong stratification
at the base of the mixed layer could allow for little communica-
tion between the mixed layer and thermocline, and mixing from
storms could allow for the enhanced release of thermocline heat
and carbon, resulting in the summertime maxima seen in CM4.
The opposing vertical gradients in ocean heat and carbon
could then correspond with the change in the sign of correla-
tion between storm-driven and background seasonal signals.
Seasonal changes in the mixed layer depth, stratification,

biological processes, and age of waters below the pycnocline
could also result in the CM4 behavior of enhanced carbon
fluxes in the summer. It is likely a compensation of controls,
including mixed layer depths, stratification, and ocean age,
set the seasonality of storm fluxes. Further work is necessary
to decompose the seasonal cycle into the various physical
drivers, taking coupled dynamics into account. We speculate
that these drivers will be sensitive to the regional structure in
the atmosphere and ocean circulation as well as ocean bio-
geochemical regimes, which may result in relatively small
changes between models or observations, resulting in larger
differences in the emergent seasonal behavior.

Last, ocean biology may play a role in the shift in seasonal-
ity between models. While both CM4 and ESM4 have ocean
biogeochemistry models included, the CM4 biogeochemistry
model BLING is highly idealized and has diagnostic biologi-
cal processes, while the ESM4 biogeochemistry COBALT has
a larger set of tracers and includes explicit phytoplankton
types for biological carbon drawdown. We speculate that the
shift in seasonality in ESM4 relative to CM4 could arise from
biological drawdown of carbon driven by the upwelling of
nutrients that partially offsets an outgassing signal from
the entrainment of deep waters. While diagnosing the parts
of the biogeochemistry models that contribute to these
signals is complex and outside of the scope of the current
study, future work on the drivers of this seasonality may
provide further insights into the degree of physical versus
biological control on the storm carbon anomalies. Ocean
observations will be important to include for this process
understanding, as Southern Ocean carbon fluxes arise from
a combination of thermal and nonthermal controls, and
ocean models have a wide range of uncertainty in terms of
these controls.

This work highlights the complexities in understanding the
drivers of storm-induced ocean fluxes across time scales. The
models have similar average storm imprints on heat and car-
bon flux anomalies that suggest similar atmospheric drivers.
However, it is still unclear whether the seasonal differences
between the models arise from the same mechanisms that
have distinct background seasonalities or if they arise from
model-dependent mechanisms. We speculate that these sig-
nals arise from a complex compensation between atmospheric
and oceanic drivers, which would allow for relatively small
changes between models or discrepancies between models
and observations to manifest into larger differences season-
ally. Further work is required to understand these drivers,
with careful consideration about how single storms and storm
tracks feed back into long-term mean behavior across the
Southern Ocean.

e. Implications for the current and future role of storms
in the Southern Ocean

Our analysis provides a climatological perspective for how
short-lived weather systems with strong winds and fronts can
impact the Southern Ocean, but we do not consider how
storms operate under external forcing or interannual variabil-
ity. Changes in both the atmosphere and the ocean will cause
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both the storm tracks and the Southern Ocean storm response
to evolve in a warming climate. It is necessary to understand
the impact of these changes as the Southern Ocean plays a
dominant role in the present-day uptake of anthropogenic
carbon and heat, which modulates the global climate response
to emissions.

One major implication of the climatological work presented
here is that individual aspects of future climate change may
impose contrasting signals onto storm-driven anomalies. These
signals will arise from a combination of changing storm prop-
erties, storm locations, and ocean properties. For instance, ex-
tratropical storm tracks are expected to move poleward under
continued warming, with fewer storms but more extreme wind
speeds (Priestley and Catto 2022b; Gentile et al. 2023). Height-
ened wind speeds and decreased storm density may enhance
the outgassing underneath individual storms, even if the cumu-
lative storm-induced outgassing were to remain unchanged.
Conversely, the decrease in the baroclinicity of storms from
polar amplification in surface warming may decrease the fron-
tal structure seen in storm-induced heat fluxes.

In addition, the ocean uptake of anthropogenic heat and
carbon alters vertical gradients within the Southern Ocean.
The change to vertical gradients will change how ocean mix-
ing from storms controls anomalous heat and carbon fluxes,
as the entrainment of older and deeper waters may, for in-
stance, lead to smaller changes in surface carbon concentra-
tions if the mixed layer already has additional carbon. These
changes in the atmosphere and ocean will also have regional
variations, which have the potential to change the regional
drivers of storm responses and potentially feed back into the
storm anomaly climatologies. Thus, in addition to understand-
ing the drivers of the seasonal cycles found in this work, we
will also extend our work to historical and future climates to
understand how these atmospheric and oceanic changes com-
bine for future storm signals.

As the relationship between storm-driven fluxes to each
other and their relative seasonal climatologies is highly uncer-
tain, future work will also explore the mechanisms behind the
oceanic response to storms, which are necessary to better un-
derstand the true role of storms within the Southern Ocean
climate. These mechanistic studies will require the continued
use of models alongside available observations, as the density
of observations and the near-constant presence of storms in
the Southern Ocean will require careful consideration on how
storm signals alias into seasonal signals.

In conclusion, we have presented storm-centered compo-
sites of atmosphere–ocean fluxes for a long preindustrial run
of two fully coupled climate models. Storms induce large local
anomalous fluxes of heat and carbon in the Southern Ocean,
leading to net release of heat and carbon from the ocean. The
mean anomalous fluxes are highly similar between models,
which reflects a top-down control from the atmosphere on the
bulk ocean response. Despite similarities in the bulk storm ac-
tivity and all-storm-average flux anomalies between models, the
seasonality of the area-integrated storm anomalies varies be-
tween the models, indicating that intermodel uncertainties in
background ocean dynamics and biogeochemistry feed back
onto synoptic anomalous fluxes. Our results highlight the

complexities in understanding how high-frequency activity con-
tributes to the Southern Ocean climate on longer time scales.
Considering the multifaceted changes to climate induced by an-
thropogenic emissions, it will be vital to understand how these
seasonal imprints are controlled, which will help determine the
future role of storms toward Southern Ocean heat and carbon
uptake.
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